This study investigated the synergistic effects of sodium hypochlorite (NaClO) and gamma irradiation combination against Vibrio parahaemolyticus in shucked oysters and clams. V. parahaemolyticus decreased to 1.1-5.6 log 10 CFU/g in oysters and 1.1-5.7 log 10 CFU/g in clams by NaClO (20-80 ppm) þ g irradiation (0.1-2.0 kGy) combinations. V. parahaemolyticus was not detected by 60 or 80 ppm NaClO þ 2.0 kGy. Synergistic reduction of >1 log was observed by 60 ppm NaClO þ 0.3-2 kGy and 80 ppm NaClO þ 0.5 or 2 kGy. Specifically, >2 log of the synergistic reduction was obtained by 60 or 80 ppm NaClO þ 2 kGy. Furthermore, using the Weibull model, 5D values (5-log reductions) were calculated for 60 or 80 ppm NaClO þ 0.5-0.9 kGy. No significant differences were observed for all sensory parameters between samples of 2.0 kGy þ 0-80 ppm NaClO. This study suggests that 60 ppm NaClO þ 2.0 kGy in reducing 7-log V. parahaemolyticus without any deteriorative changes of sensory qualities could be a potential strategy for postharvest process in seafood processing and distribution to enhance the microbial safety of molluscan shellfish.
INTRODUCTION
The members of the family Vibrionaceae, Vibrio parahaemolyticus are facultative anaerobic, motile, halophilic, and Gram-negative rods (Ray, 2004) . V. parahaemolyticus occur naturally in marine environments and are frequently found in molluscan shellfish (Drake et al., 2007) . V. parahaemolyticus can cause acute gastroenteritis (Su and Liu, 2007) . These bacterial species are therefore regarded as the major seafoodborne pathogen associated with raw molluscan shellfish consumption, particularly the consumption of oysters and clams. Infection with this bacterium from contaminated shellfish occurs worldwide, but especially in South-East Asian countries and the United States (Su and Liu, 2007; Wang et al., 2010) . The Centers for Disease Control and Prevention (1999) reported that large outbreaks of V. parahaemolyticus in the United States were associated with the consumption of raw oysters and clams harvested from Pacific, Atlantic, and Gulf of Mexico waters. More recently, the Canadian Food Inspection Agency (2013) warned the public not to consume oysters and clams from certain harvest areas of Connecticut (United States). There are 10-to 100-fold increases in the populations of V. parahaemolyticus when oysters are left for 10 h at ambient temperature during warmer seasons (Gooch et al., 2001) .
Several post-harvest processes (PHPs) have been studied to determine their ability to reduce pathogens in raw oysters. Physical disinfection methods, such as cold treatment (Liu et al., 2009) , mild heating (Cook and Ruple, 1992) , X-ray (Mahmoud and Burrage, 2009 ), gamma radiation (Kim et al., 2011) , electron beam (Kim et al., 2011) , high hydrostatic pressure Mootian et al., 2013) , and chemical disinfectant methods using chlorine (Kim et al., 2011) , chlorine dioxide (Wang et al., 2010) , and ozone (Croci et al., 2002) have been used to reduce the amount of pathogenic bacterial contamination in molluscan shellfish, especially raw oysters and clams.
Several studies have been performed to evaluate the inactivation efficiency or synergy of combined chemical treatments and physical sanitization techniques, such as ethanol, hydrogen peroxide, sodium hypochlorite, ozone, ultraviolet processes, and gamma radiation compared with the individual treatments. Studies of combined disinfection treatments are common in the literature (Chawla et al., 2006) . Some researchers have reported that the combination of chemical methods and gamma irradiation is highly effective against microorganisms. Sommers et al. (2003) noted a reduction in the Listeria monocytogenes count in frankfurters containing 10% citric acid for all gamma irradiation doses. In addition, Bhide et al. (2001) reported that acetic acid in combination with 3 kGy gamma irradiation was effective against Bacillus cereus in sheep/goat meat without any adverse effects on the sensory attributes. The combined disinfection with gamma irradiation and NaClO had synergistic effects in reducing the natural microflora (Kim et al., 2011) and Aeromonas hydrophila (Park et al., 2012) in seafood. The bactericidal efficacy of NaClO is based on the penetration of the chemical and its oxidative action on essential enzymes in the cell (Lomander et al., 2004) . Gamma irradiation is the most widely accepted form of radiation sterilization and is commonly used when materials cannot be heated to a high temperature for sterilization (World Health Organization, 1999) . Sodium hypochlorite (NaClO) is the best of the chlorine compounds for use as disinfectant. This study was performed to compare the reduction and possible synergistic effects of any combined treatment with NaClO (0-80 ppm) and gamma radiation (0-2 kGy) on populations of V. parahaemolyticus in fresh raw shucked oysters and clams.
MATERIALS AND METHODS

Bacterial strains
V. parahaemolyticus KCTC 2471 was used in this study. Stock cultures of V. parahaemolytics KCTC 2471 was maintained at À70 C in tryptic soy broth (TSB; Difco Laboratories, Detroit, MI, USA) that contained 30% glycerol and was supplemented with 3% NaCl. To obtain a working culture, V. parahaemolyticus KCTC 2471 was cultured twice at 37 C for 18-24 h in TSB including 3% NaCl and streaked onto a thiosulfatecitrate-bile salts-sucrose (TCBS; Difco, Becton Dickinson, Franklin Lakes, NJ, USA) agar plate.
Inoculation of shucked oysters and clams
The counts of populations of V. parahaemolyticus KCTC 2471 used for the inoculum were 8-9 log 10 CFU/mL. V. parahaemolyticus KCTC 2471 inocula were prepared in TSB-3% NaCl by incubation at 37
C for 24 h. Cell suspensions of the strain were centrifuged at 10,000 Â g for 10 min and suspended in 10 mL of sterile alkaline peptone water (APW). The bacterial cell counts were determined by plating on TCBS and incubating for 24 h at 35 C. Shucked fresh oysters (Grassostrea gigas) and clams (Venerupis phillippinarum) were purchased from a local market in Anseong, Korea. The oysters and clams were transported immediately in a cool box with ground ice to the laboratory. The oysters and clams were then washed with running tap water to remove residual mud and sand.
To remove natural indigenous microorganisms already present on the oysters and clams, 10 g of each sample was washed with sterile, distilled water for 2 min and then dried for 2 min. The oyster and clam samples were transferred into sterilized oxygen-impermeable nylon bags (2 mL O 2 /m 2 /24 h at 0 C, 0.09 mm thickness; Sunkyung Co. Ltd, Seoul, Korea) on a clean bench. The packs were sealed and transferred to a refrigerator (4 C) before irradiation. Packed samples were irradiated in a cobalt-60 gamma irradiator (Point source, ACEL, IR-79, MDS Nordion, Ontario, Canada) at the Korea Atomic Energy Research Institute, Jeongeup, Korea. The applied dose in this study was 1.0 kGy.
The oyster and clam meat tissues were placed in a sterilized Petri dish and were dried for 10 min to remove excess water in a laminar flow hood (Vision Scientific Co., Seoul, Korea) with the fan running. The sample (10 g) was artificially inoculated with V. parahaemolyticus by immersing the oyster and clam meats for 1 min in 90 mL of APW containing the cell suspension in a sterile 24 oz (710 mL) Whirl-Pak Õ filter bag (Nasco, Fort Single and combined treatments with NaClO and gamma radiation
For treatment with NaClO alone, 12% NaClO (Shimadzu Co., Kyoto, Japan) was diluted with tap water to obtain concentrations of 20, 40, 60, and 80 ppm in a final volume of 50 mL. The inoculated samples (10 g) were immersed in each NaClO solution at room temperature (20-25 C) for 5 min with mild agitation (50 rpm). For treatment with gamma radiation, the inoculated samples (10 g) were irradiated with 0.1, 0.3, 0.5, 1.0, or 2.0 kGy in a cobalt-60 gamma irradiator (Point Source, ACEL, IR-79, MDS Nordion) at the Korea Atomic Energy Research Institute. The source strength was approximately 11.1 PBq at a dose rate of 10 kGy/h. Dosimetry was performed using 5 mm diameter alanine dosimeters (Bruker Instruments, Rheinstetten, Germany), and the free radical signal was measured using a Bruker EMS 104 EPR Analyzer. The dosimeters were calibrated against an international standard developed by the International Atomic Energy Agency (Vienna, Austria).
For the combined treatments, the four treatments with NaClO were first conducted as a primary disinfectant followed immediately by five treatments with gamma radiation as a secondary disinfectant as described previously by Koivunen and HeinonenTanski (2005) .
Synergistic reduction effects
To estimate any synergistic effect on bacterial inactivation, the inactivation values of the NaClOgamma irradiation combination were compared with those of NaClO or gamma irradiation individually. The procedure described by Koivunen and Heinonen-Tanski (2005) was used for the combined disinfectant treatments, which were carried out by first applying NaClO as the primary disinfectant and then gamma irradiation as the secondary antimicrobial agent. Gamma irradiation was used after the NaClO to take advantage of the potentially increased radical formation due to ionizing radiation, which may result in increased synergistic effects (Koivunen and Heinonen-Tanski, 2005) . The efficacy of disinfection after the different treatments was determined by measuring the microbial reduction. The values for the synergistic reduction effect of combined NaClO and gamma irradiation were calculated using the following equation (Ha and Ha, 2010) :
where A was the reduction from combined NaClO and gamma irradiation disinfection, B was the reduction from NaClO disinfection alone, and C was the reduction from gamma irradiation disinfection alone. Based on this equation, synergistic and antagonistic reduction effects were indicated as positive values and negative values, respectively.
Microbial analysis
The treated sample (10 g) was homogenized for 2 min in a sterile 24 oz (710 mL) Whirl-Pak Õ filter bag (Nasco) containing 90 mL of sterile APW using a stomacher (Bag mixer Õ 400; Interscience Co., Saint Nom, France). One milliliter of sample aliquot was removed from the homogenate and serially diluted with 9 mL of APW. One milliliter of diluents was pour-plated in duplicate on appropriate growth media. Media for enumeration of V. parahaemolyticus were prepared using TCBS agar and the plate was incubated at 37 C for 18-24 h. Colonies appearing green or bluish and round (2-3 mm diameter) on TCBS agar plates were considered positive for V. parahaemolyticus and counted. Triplicate samples from each single and combined treatment were analyzed for microbial counts.
Determination of 5D values (gamma irradiation dose) at 0-80 ppm NaClO
The Weibull model was used to mathematically determine the 5D values of gamma irradiation dose required, in combination with 0-80 ppm NaClO for 5-log reduction. The Weibull model assumes that the survival curve is a cumulative distribution of lethal effect log y y 0 ¼ À 1 2:303 t where a is the gamma irradiation dose at 0-80 ppm NaClO and is a shape parameter (Manas and Pagan, 2005) . The parameters a and are obtained using nonlinear least-squares regression using the software GraphPad Prism version 5.0 for Windows (GraphPad Software, San Diego, CA, USA). They can be used to calculate 5D values using the following equation
Sensory evaluation
Eleven untrained panelists who studied in the Graduate School of Food Science and Technology at Chung-Ang University evaluated the sensory quality of the treated samples. The samples were evaluated for their color, flavor, texture, appearance, and overall acceptability by using the hedonic scale by a seven-point scale graded with ''1'' for extreme dislike, not acceptable; ''2'' for much dislike; ''3'' for dislike; ''4'' for neither liked nor disliked, lower limit of the acceptable range; ''5'' like; ''6'' for much like; and ''7'' for extreme like, essentially free from any defect, original quality preserved (Lim, 2011) . A rating of > 4 indicates greater consumer acceptability of the food product. Prior to sample evaluation, the panelists participated in orientation sessions to familiarize themselves with the attributes of the hedonic scale and the related quality assessment. Each panelist was furnished with a set of five samples of oyster and clam (0, 20, 40, 60 , and 80 ppm of NaClO with 2 kGy of gamma radiation) coded with three-digit random numbers and then independently evaluated the samples in identical environments.
Statistical analysis
Results from the microbiological tests were transformed into log values. One-way analysis of variance was utilized to analyze the synergistic reduction values among single and combined treatments with NaClO and gamma radiation using the SAS program version 6.11 (SAS Institute Inc., Cary, NC, USA). When significant differences between mean values from single and combined treatment with NaClO and gamma radiation were compared using Duncan's multiple range test. Differences were considered significantly different at the P < 0.05 level.
RESULTS
Reduction and synergistic effects of NaClO and gamma irradiation against V. parahaemolyticus in fresh raw shucked oysters and clam
To assess the bactericidal effects of NaClO and gamma irradiation against V. parahaemolyticus in fresh raw shucked oysters and clams, the populations and reduction of V. parahaemolyticus under different NaClO concentrations and gamma-ray doses are shown in Table 1 . After treatment with 60 and 80 ppm NaClO alone, the V. parahaemolyticus populations in the oysters and clams were reduced by 0.6 and 0.5 and 2.0 and 1.9 log 10 CFU/g, respectively. After treatment with 0.1, 0.3, 0.5, 1.0, and 2.0 kGy gamma radiation alone, the V. parahaemolyticus populations in the oysters and clams were reduced by 1.0 and 1.0, 1.3 and 1.3, 1.5 and 1.5, 3.2 and 3.1, and 4.2 and 4.1 log 10 CFU/g, respectively. After the combined treatment with NaClO (20-80 ppm) þ gamma radiation (0.1-2.0 kGy), the V. parahaemolyticus populations in the oysters and Food Science and Technology International 24 (1) clams decreased by 1.1-5.6 and 1.1-5.7 log 10 CFU/g, respectively. No CFU in either the oysters or clams were detected after treatment with a combination of 60 ppm NaClO þ 2.0 kGy gamma irradiation or with a combination of 80 ppm NaClO and 2.0 kGy gamma irradiation. Table 2 shows the synergistic effect values for the combined treatment with NaClO and gamma radiation against V. parahaemolyticus in fresh raw shucked oysters and clams. The synergistic values against V. parahaemolyticus in the oysters were not significantly different (P > 0.05) when 20 ppm NaClO was combined with any dose of gamma rays þ 0.1 kGy gamma rays was combined with any concentration of NaClO. Unexpectedly, antagonistic effects against V. parahaemolyticus in the oysters were observed with a combination of 40 ppm NaClO þ 0.3 kGy gamma irradiation and with 60 ppm NaClO þ 0.1 kGy gamma irradiation. Antagonistic effects against V. parahaemolyticus in clams were also observed when 20 ppm NaClO was combined with 0.1 and 2 kGy gamma irradiation, 40 ppm NaClO with 0.1 kGy gamma irradiation, and 60 ppm NaClO with 0.1 kGy gamma irradiation. However, synergistic effects against V. parahaemolyticus in the oysters and clams were observed for most combination treatments. Specifically, in the case of the oysters, synergistic effects against V. parahaemolyticus were observed when 0.5 or 2 kGy gamma irradiation was combined with any concentration of NaClO.
In the case of the clams, synergistic effects against V. parahaemolyticus were observed when 0.3, 0.5, 0.1, or 2 kGy gamma irradiation was combined with any concentration of NaClO.
A greater than 1-log synergistic reduction value for the treatment of V. parahaemolyticus in both the oysters and clams was observed when 60 ppm NaClO was combined with 0.3-2.0 kGy gamma irradiation and 80 ppm NaClO with 0.5 or 2 kGy gamma irradiation. Specifically, the largest synergistic value for the treatment of V. parahaemolyticus in both oysters and clams was 3.6 and 3.7 log 10 CFU/g for 60 ppm NaClO þ 2.0 kGy gamma irradiation. Moreover, the synergistic reduction effects against V. parahaemolyticus were not dependent on NaClO concentration or the gamma irradiation dose.
5D values (gamma radiation dose required, in combination with 0-80 ppm NaClO, for 5-log reduction) of V. parahaemolyticus in oysters and clams were calculated based on the Weibull model (Table 3 ). The Weibull model was fitted well by non-linear regression: R 2 were > 0.95, which indicated the goodness of fit of the data. 5D values for treatment of V. parahaemolyticus in oysters and clams with gamma radiation alone were 2.6 and 2.7 kGy, respectively. 5D values of V. parahaemolyticus in two substrates were significantly decreased (P > 0.05) by the stepwise increase of NaClO concentrations (20-80 ppm), although there were no significant differences (P < 0.05) between the 5D Table 2 . Synergistic and antagonistic effects of combined treatment with NaClO and gamma radiation on the reduction of V. parahaemolyticus in shucked oysters and clams values of gamma irradiation in combination with 0 ppm NaClO and 80 ppm NaClO. When combined with 60-80 ppm NaClO þ 0.5-0.9 kGy of gamma irradiation was required for a 5 log of V. parahaemolyticus in both oysters and clams.
Sensory attributes in fresh raw shucked oysters and clams treated by NaClO and gamma radiation
We found no differences in the overall acceptance for sensory attributes including color, odor, and texture between samples with single treatments with 0.1-2.0 kGy gamma radiation and untreated oysters and clams (controls) in the present studies (data not shown). Therefore, to determine any sensorial difference among combined treatments of NaClO (0-80 ppm) þ 2.0 kGy of gamma radiation as the maximum dose of ray, the color, flavor, texture, appearance, and overall acceptability of the fresh shucked oysters and clams were evaluated by untrained panelists (Table 4) . No significant differences (P > 0.05) of color, flavor, texture, appearance, and overall acceptability in both the oysters and the clams were observed between samples of 2.0 kGy of gamma irradiation and NaClO combination regardless of concentration.
DISCUSSION
Raw oysters and clams are usually packaged and refrigerated for distribution to supermarkets in Korea whereas in some traditional markets they are typically distributed without packaging at room temperature.
The water activity of fresh shellfish including raw oysters and clams is 0.98-0.99 (Cruz-Romero et al., 2007) . Because of the potentially unsanitary conditions without plastic packaging, the high water activity, and the frequent consumption of uncooked shellfish, there are microbial safety concerns regarding these packaged and/or unpackaged raw oysters and clams. Ready-toeat seafoods distributed in Korea were contaminated with V. parahaemolyticus (0.5%), B. cereus (9.9%), Staphylococcus aureus (3.8%), Listeria monocytogenes (0.9%), and Campylobacter jejuni (0.5%) (Kim et al., 2005) . Especially, 49.2% of sea cucumbers (Sitchopus japonicas), sea squirts (Halocynthia aurantium), and oysters (Grassostrea gigas) were contaminated with V. parahaemolyticus (<100 CFU/g). V. parahaemolyticus level in Korean retrial oysters was approximately 3 log 10 most probable number (MPN)/g (Lee et al., 2008) . Moreover, 30.5% of seafood products (fish, shellfish, crustaceans, molluscs) distributed in Croatia were contaminated with V. parahaemolyticus (Popovic et al., 2010 ). An initial count of 2.32 logCFU/g of V. parahaemolyticus in American oysters collected from April through December reached up to 2.90 logCFU/g (increase of 0.6 log) at ambient temperature (26 C) by 1 day after harvest, with a doubling time of 1.8 h during the exponential phase of growth obtained up to 10 h post-harvest (Gooch et al., 2002) . A level of ! 10,000 of V. parahaemolyticus per gram of raw or undercooked oyster is associated with human infection (DePaola et al., 1990 ). As we did not conduct the storage test for the inactivation of V. parahaemolyticus inoculated in raw oysters and clams, we did not know the population of V. parahaemolyticus in the food (a, b, c, or d) within the same column (in each substrate against V. parahemolyticus) indicate a significant difference (P < 0.05).
Food Science and Technology International 24(1) sample in after 24 h of storage at room temperature. However, we may speculate that there could be approximately 1.6 log 10 CFU/g of V. parahaemolyticus and after 24 h of storage at room temperature after the oyster or clam treated with a combination of 60-80 ppm NaClO þ 2 kGy of gamma radiation when assuming that the remained population of the pathogen is 1 log 10 CFU/g in the oyster or clam treated with the combination treatment. These prediction levels of V. parahaemolyticus after treatment were based on the studies of Gooch et al. (2002) . Therefore, there could be no potential safety problems with this pathogen for the human infection in the treated oysters and clams within 24 h of storage based on the infection dose of V. parahaemolyticus.
Also, we may speculate that there could be no V. parahaemolyticus after 2-3 days after the oyster or clam treated with a combination of 60-80 ppm NaClO þ 1 kGy of gamma radiation. Because oysters and clams initially contaminated with 5 log 10 of the bacterium were treated with a combination of 60 ppm NaClO þ 1 kGy gamma irradiation or 80 ppm NaClO þ 1 kGy gamma irradiation, less than 1 log 10 count of the bacterium remained in those samples after treatment (based on our results), and then the bacterial cell count sharply decreased and was not detected over the storage periods. This speculation was associated with the studies of Andrews et al. (2003) who noted that V. parahaemolyticus on the oyster was greatly decreased by 1.0 kGy treatment over the storage time whereas this pathogen steadily decreased by 0.5 kGy treatment over the storage time.
According to Newton et al. (2012) , between 1996 and 2010, the most common Vibrio species causing infection in the United States, according to both the National Cholera and Other Vibrio Illness Surveillance (COVIS) and Foodborne Diseases Active Surveillance Network (FoodNet), was V. parahaemolyticus. V. parahaemolyticus infection was the most common infection but was rarely fatal with a case-fatality ratio of < 1% in both surveys (Newton et al., 2012) . Thus, V. parahaemolyticus is the main seafood pathogen of public health significance throughout the world.
This has led to increasing consumer demands for processes that enhance the microbial safety of food without concomitant changes in product quality and nutritional value. PHP can be used to enhance the shelf life of perishable seafood and to ensure the microbiological safety of the shellfish products, especially raw oysters and clams. In particular, electrolyzed water, high temperature, freezing, pasteurizing, chemical additives, UV light and high hydrostatic pressure processing are mainly used for reducing the numbers of pathogenic bacteria in seafoods. Most of these PHPs result in a <2-log reduction on treated seafood (Ozer and Demirci, 2006) . Therefore, very effective novel disinfectant technologies are needed to retain the microbial safety and quality of seafoods including oysters and clams to satisfy consumers and industry. The US Food and Drug Administration (FDA) has approved the application of ionizing radiation such as gamma radiation, electron beam, and X-rays for several foods, including seafood (Henkel, 1998) .
Gamma irradiation is the most widely accepted physical method for radiation sterilization, because it is simple, rapid, and results in the effective reduction of microorganisms. It is also used for pasteurization purpose. D values (1-log reduction) of V. parahaemolyticus have been determined as 0.1 kGy in shrimp (Bandekar et al., 1987) and oysters (Mallett et al., 1991) . This D value was similar to the results of the present study ($1-log reduction of V. parahaemolyticus in the oysters and clams using 0.1 kGy). The present study calculated 5-log reduction values referred as 5D values which was the gamma irradiation dose required, in combination with 0-80 ppm NaClO because the maximum logreduction values of V. parahaemolyticus in two shellfish samples were close to 5 log 10 (5.7-log reduction of V. parahaemolyticis). Based on our 5D values, 0.5-1.0 kGy of gamma irradiation was sufficient to inactivate 5 log of this pathogen in two shellfish samples only when combined with 80 ppm NaClO. Novak et al. (1966) reported that 2 kGy of gamma irradiation could be used for pasteurization of oysters without adverse changes in organoleptic quality. Andrews et al. (2003) found that for whole-shell oysters, 1.0-1.5 kGy of gamma irradiation reduced V. parahaemolyticus at an initial inoculum of 10 4 CFU/g to non-detectable levels. They concluded that oysters treated with < 2.0 kGy showed no changes in sensory quality, which were maintained for >15 days. The bactericidal effect of gamma irradiation is caused by the production of oxygen and hydroxyl radicals which damage the biological structure of microorganisms. According to Bhide et al. (2001) , gamma irradiation is effective in reducing Gram-negative microorganisms, but it is not very effective against Gram-positive spore-forming bacteria such as B. cereus and Clostridium spp.
NaClO is widely used as the primary chlorine-based chemical sanitization reagent in the food industry (Peng et al., 2002) . NaClO can be converted to hypochlorous acid (HClO) (non-ionized form), which is a strong bactericidal agent, through hydrolysis (NaClO þ H 2 O ! HClO þ NaOH À ). HClO is a weak acid and dissociates to the hypochlorite ion (ClO À ) and proton (H þ ) depending on the solution pH (Fukuzaki, 2006) . Kim et al. (2011) reported that 50-200 ppm HClO reduced natural microflora to 0.08-0.57 log 10 CFU/g in fresh raw oysters and clams. Park et al. (2012) reported that 20-80 ppm NaClO reduced A. hydrophila to 0.07-0.81 log 10 CFU/g in fresh squid. Based on these previous findings, the aim of the present study was to further examine the combination of NaClO and gamma irradiation to determine whether this combination would have synergistic benefits against V. parahaemolyticus in the favorite Korean molluscan seafoodsfresh raw oysters and clams. We also aimed to identify the optimum treatment conditions for the control of these two pathogens. Kim et al. (2011) found that natural microflora were eliminated from both oysters and clams after treatment with 100 ppm NaClO þ 2.0 kGy gamma radiation. Park et al. (2012) concluded that a combination of 80 ppm NaClO þ 2.0 kGy gamma irradiation could potentially serve as an optimum method for direct application to fresh raw squid for the control of A. hydrophila.
The standard set by the Interstate Shellfish Sanitation Conference (ISSC) and the FDA for an effective PHP is a minimum of a 3.52-log reduction to non-detectable level of Vibrio species (FDA, 2009 ). Some researchers (Zusman et al., 2013) have noted that synergistic reductions are defined as a >2-log reduction in CFU for a combined treatment compared to the most effective single agent. In the present study, the reductions in V. parahaemolyticus counts in both oysters and clams by treatments of 2.0 kGy gamma radiation alone, 20 ppm NaClO þ 2.0 kGy gamma radiation, 40 ppm NaClO þ 1.0 or 2.0 kGy gamma radiation, 60 ppm NaClO þ 1.0 or 2.0 kGy gamma radiation, and 80 ppm NaClO þ 0.3, 0.5, 1.0, or 2.0 kGy gamma radiation were within the standard set by the ISSC and the FDA (Table 1) . Among these treatments, combined treatment with 60 ppm NaClO and 2.0 kGy gamma radiation or with 80 ppm NaClO and 2.0 kGy gamma radiation produced a >2-log synergistic reduction against V. parahaemolyticus in both the oysters and clams. The synergistic reduction values against V. parahaemolyticus were generally similar between the two shellfish (60 ppm NaClO þ 2.0 kGy gamma irradiation; 3.6-and 3.7-log reduction for oysters and clams, respectively, 80 ppm NaClO þ 2.0 kGy gamma irradiation; 2.2-and 2.3-log reduction for oysters and clams, respectively).
Finally, we found no differences in the overall acceptance for sensory attributes including color, odor, and texture between all treated oysters and clams with single and combined treatments with 20-80 ppm NaClO and 0.1-2.0 kGy gamma radiation and untreated oysters and clams (controls) in the present study.
CONCLUSIONS
The results in this study provide additional evidence that combined NaClO (20-80 ppm) and gamma radiation (0.1-2.0 kGy) treatment resulted in inactivation and synergistic reduction of V. parahaemolyticus in fresh raw shucked oysters (Grassostrea gigas) and clams (Venerupis phillippinarum). Our findings indicate that a combination of 60 and 80 ppm NaClO þ 2.0 kGy gamma irradiation completely inactivates (non-detectable) V. parahaemolyticus in fresh oysters (at initial counts of 8.3 log 10 CFU/g) and clams (at initial counts Food Science and Technology International 24(1) of 7.2 log 10 CFU/g) without concomitant changes in sensory quality. In addition, >2-log synergistic reduction values were also determined at these combinations. No significant differences (P > 0.05) of sensory parameters (color, flavor, texture, appearance, and overall acceptability) in both the oysters and the clams were observed between samples of 2.0 kGy of gamma irradiation þ 0-80 ppm NaClO. Therefore, the combination of 60 ppm NaClO þ 2.0 kGy gamma irradiation could be a potential approach as a PHP in seafood processing and distribution to enhance the safety of molluscan shellfish. The combination of 60 ppm NaClO þ 2.0 kGy gamma irradiation as a PHP should be validated for the 7-log inactivation of other seafood-borne pathogenic bacteria and viruses in other kinds of molluscan shellfish.
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